The transformation properties of dynamic hologram recorded in a quadratically nonlinear material are considered for the general case when the frequencies of object and reference waves are essentially different. The expressions are deduced that determined the wavelength of the reconstructed wave and directions of propagation of the rays of light that form the image. An experiment is carried out on the base of a noncollinear scheme of nonlinear interaction. A hologram was recorded in a KTP crystal by the light of a YAG:Nd laser (λ = 1.064 µm), the width of the pulses being 300 ps. The frequency of the object wave was shifted due to the Raman scattering in a crystal Ba(NO 3 ) 2. The values of the frequency shifts were ∆ν, 2∆ν, 3∆ν (∆ν = 1047 cm -1 ). Each of the shifted in frequency component formed an image of the object whose resolution was close to the diffraction limit. All these components were separated in space. The value of separation was in a good agreement with the predictions of the theory. It was stressed that the inertialess nature of a hologram of such a type makes it possible to use them for ultrafast communication of signals in optical communication lines.
INTRODUCTION
Holography is one of the most promising methods of optical information processing at present. Being invented in 1948 by Prof. D. Gabor it was practically known to a very narrow circle of scientists till 1962 when a laser was invented 1, 2 . Using the principle of holography and the wonderful properties of this new source of light it became possible to realize many problems of optics that were considered as unsolvable before. In particular, with the help of laser and so-called off-axis scheme of hologram recording it became possible to record 3-D images that reproduce the full illusion of the reality of objects 3, 4 .
The discovery of the fact that a hologram can be recorded in a volume light-sensitive material opens up the possibility of producing holograms that can be reconstructed by natural light forming colored 3-D images 5, 6 .
The next important step in the development of holography was so-called dynamic holography when a hologram is formed directly during the process of its recording 7, 8 . It is of importance that dynamic holograms are used not only with the aim to accelerate the process of hologram recording but also because the laws of their interaction with light differ from those of "static" holograms and can be successfully used in some special cases of optical information processing. The time response of such dynamic holograms varied from seconds to nanoseconds depending on the type of the lightsensitive material (crystal, gas, organic dyes and so on) used for the hologram recording.
The change of the type of a light-sensitive material leads to strong changes of the reconstructed object wave E " 2ω . In particular, the frequency of this wave is doubled relative to the frequency of the object wave E 0 . Besides that the reconstructed image O 2ω of the object is shifted in this case to the bisector BP of the angle between the object and reference waves and is positioned two times farther from the hologram H than the recorded object. H is the light sensitive nonlinear material; O is the object; E О is the wave of light scattered by the object O; R is the reference source; E 2ω is the object wave reconstructed by the hologram; O 2ω is the reconstructed image; S is an arbitrary flat section inside the volume of the SHG hologram.
SCHEME OF DYNAMIC χ 2 HOLOGRAM RECORDING
The success in recording the SHG hologram stimulated us to record a dynamic hologram in the case when the frequencies of an object and reference waves are different. It was clear that in this case, unlike the case of the SHG hologram, the frequency of the reconstructed object wave can differ from the frequency of the second harmonic. This was the reason why we refer to the hologram of such a type as "χ 2 Dynamic Hologram".
In general outlines the scheme of recording χ 2 hologram is similar to the scheme of recording SGH hologram (see Fig.1 ). The main difference between the two is that the wavelengths of interfering waves E 0 and E S are not equal. The more detailed scheme of χ (2) hologram recording and its key elements are shown in Fig.2 . As a source of light we used a single mode YAG:Nd laser generated pulses with the width 300 ps, λ = 1.064 µm (waves W R and W 1 in Fig. 2 ). In the reference part of the scheme these pulses of the laser get directly to a KTP crystal (Cr 2 in Fig.2 ). This crystal is used as a light-sensitive material that records the dynamic hologram. Fig. 2 . General scheme of χ 2 hologram recording. W 1 and W R are flat waves with λ = 1.06 µm, Cr 1 is the crystal that introduces the frequency shift in the wave W 1 ; О is the object; Cr 2 is a crystal capable of second-order nonlinearity; O 0 is an image reconstructed in the case when the frequencies of the object and reference waves are equal; О 1 is an image reconstructed in the case when ω 0 < ω R ; ∆l S is the distance between the images O 0 and O 1 .
The third key element of the experimental setup was a Raman active barium nitrate crystal Ba(NO 3 ) 2 of 80 mm in length (Cr 2 in Fig.2) . The experiment has shown that this crystal was capable of providing triple Stokes shifts of the light frequency. As a result, we could simultaneously observe at the exit of the crystal four monochromatic waves, namely, the wave with the fundamental frequency λ = 1.064 µm and three waves λ = 1.2 µm, 1.37 µm and 1.6 µm that correspond to Stokes shifts ∆ν 1 = 1047 cm -1 , ∆ν 2 = 2x1047 cm -1 and ∆ν 3 = 3x1047 cm -1 , respectively.
In the process of hologram recording, the initial wave W 1 with the fundamental frequency that corresponds to λ = 1.064 µm crosses the crystal Ba(NO 3 ) 2 that introduces in it the frequency shifts due to the Raman effect. The value of the shifts were ∆ν 1 = 1x1047, ∆ν 2 = 2x1047 and ∆ν 3 = 3x1047 cm -1 . This set of waves with the different frequencies transilluminated an object-transparency O. As a result, the object wave W 0 consisting of several spectral components propagated to a light-sensitive crystal KTP (Cr 2 in Fig.3 ). Each component interfering with the reference wave W R forms in the crystal KTP its own dynamic χ 2 hologram that generates its own image of the object (O 0 , O 1 in Fig.2 ).
ELEMENTS OF THE THEORY OF χ 2 DYNAMIC HOLOGRAM
In general outlines the approach to the theory of χ 2 Dynamic Holograms is the same as to the SHG Hologram. Suppose that the object and reference waves are incident upon the boundary G' of a nonlinear light-sensitive material H endowed with the second-order nonlinearity (see Fig.3 ). The values of the object wave 0 E r ( r r ,t) and reference wave R E r ( r r ,t) can be written inside the light-sensitive material H in the form:
where 0 k r and R k r are wave vectors, ω o and ω R are the frequencies of the object and reference waves.
The total wave field s E r ( r r ,t) acting upon the nonlinear material H will be equal to the sum of the object and reference waves: 
Substituting in (4) (1) and (2) and taking only cross terms into account we will find an expression for the wave H E r ( r r ,t) generated by the χ 2 Dynamic Hologram:
The index of exponent (5) determines the direction of the propagation of rays of light generated inside the χ 2 hologram (see Fig.3 ). In particular, an initial reference wave W' R that propagates in the air refracts on the border G' of the light-sensitive material and after that it propagates in its volume as a wave-vector R K r Let us consider in general outlines the case when the wave number of an object wave is different from that of a reference wave
where K 01 is the wave number of the object wave that experienced the frequency shift due to the Raman scattering.
Expression (6) can be written as
Proc. of SPIE Vol. 5636 241 K R -K 01 = ∆K 01 (7) where ∆K 01 is the change of the wave number of the object wave. Considering the triangles caf and cdf and taking into account the fact that the angle β is small, the increment of the angle β is determined by the relation: ∆β 01 = af cf (8) Using simple relations between the segments dcf and cba (see Fig.3 ) we will find the final expression for the increment ∆β 01 of the angle of rotation of the beam reconstructed by the χ 2 hologram relative to the beam reconstructed by the SHG hologram:
where ω n and ω 2 n are indexes of refraction of the light-sensitive material for frequencies ω and 2ω, ν R is the frequency of the reference wave, and ∆ν 01 is an increment of the frequency of the object wave due to the Raman scattering. The angle of the rotation of the wave reconstructed by the χ 2 hologram is shown in Fig. 3 as ∆β '.
The frequency ω s of the wave generated by the χ 2 hologram is determined by expression (10):
Taking into account the fact that the fundamental component of the object wave experiences the frequency shift ∆ω 01 due to the Raman effect, expression (10) can be written as
Using expression (11) it is possible to simplify expression (9):
where ν s is the frequency of the beam generated by the χ 2 hologram, ∆ν 01 is the first frequency shift of the object wave introduced by the Raman effect.
THE RESULT OF THE EXPERIMENT ON MULTIWAVE χ 2 HOLOGRAM RECORDING
The experiment on multiwave χ 2 hologram recording was carried out using the optical scheme shown in Fig.2 . The shift of the wavelength of the object wave was performed by a Raman active crystal Ba(NO 3 ) 2 (Cr 1 in Fig.3 ). The crystal was capable of introducing three shifts simultaneously: ∆ν 1 = 1x1047 cm -1 , ∆ν 2 = 2x1047 cm -1 , ∆ν 01 = 3x1047 cm -1 . A steel slit with a width 30 µm positioned at the distance 120 mm from the light-sensitive material was used as an object.
A reference wave W R represented a plane wave with the fundamental frequency ν R = 9400 cm -1 (λ = 1.064 µm). The interference picture of the object and reference waves recorded in the light-sensitive crystal KTP thus forms χ
The values of the angles of deflection of the waves reconstructed by the hologram werecalculated tacing into an account effects on the border G" . The results of measurements are shown in a tabulated form. As it is seen from the Table, the theoretical data are in a good agreement with the experiment.
The images reconstructed by χ 2 hologram are shown in Fig.4 . The first column is a set of photos of a green image reconstructed by the hologram recorded as a result of coupling two waves with the fundamental frequency 2G. Two other columns (1S, 2S) show photos of images recorded by couples of waves that included the waves experienced the first and second Stokes shifts. When taking a photo of each horizontal line the camera was defocused by a certain value. The photo shows that the distance from the camera to the image increases with the decrease of the wavelength of the light that forms this reconstructed image. 
CONCLUSION
The most important scientific result of the given research is the proof that the χ 2 dynamic hologram is capable of forming a holographic image and that it performs this operation practically without any time delay. In fact, the experiment has shown that χ 2 dynamic hologram is capable of generating holographic images in the case when frequencies of object and reference waves substantially differ from each other. In particular, in our experiment this difference was equal to one-third of the frequency of the fundamental wave (λ = 1.064 µm).
There is no doubt that holograms with such properties will find their application in light communication lines for many purposes. In particular, Fig.5 shows the scheme of a switch that can be used for changing the direction of propagation of light through a changeable interconnection line. In this case a signal P 1 , P 2 , P 3 …initially propagates from a source S 0 . L 1 and L 2 are the signals that control the direction of propagation of the signal. H is a SHG hologram. In the case when the signal P 1 , P 2 , P 3 … interferes inside the quadric nonlinear material H with the beam C 1 , the SHG hologram directed it along the line S 1 . If the signal interferes with the beam C 2 , the hologram directed it also along the line S 2 . Using the properties of χ 2 dynamic hologram it is possible to construct many other types of switches. 
